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Bob Ayres was born in the United States in 1932. For his university studies at the bachelors, masters and PhD 
levels, he concentrated in physics and mathematics. When we think of Bob today, we think of his pioneering work 
across the areas of technological forecasting, industrial metabolism and industrial ecology, and the role of energy 
and thermodynamics in economic growth. How did a person with a strong fundamental education as a physicist 
end up as a pioneering thinker and thought leader at the intersection of energy, environment and economics? 
I will share three types of observations in this essay. First, I will comment on how Bob moved from his training 
and work in classical physics to the very non-classical and non-traditional areas that he eventually migrated into 
and built his professional reputation upon. Second, I will share observations on working with Bob. He was my 
PhD supervisor. I met him immediately after he took up at faculty position at the Department of Engineering & 
Public Policy at Carnegie Mellon University at the beginning of 1979. We worked very closely together for the 
next five years, and remained friends for decades after that. Finally, I will comment on why it is so important for 
society to support at least a small number of non-traditional people like Bob, who are highly productive as 
researcher authors, but essentially ignore disciplinary norms, conventions and boundaries, who are iconoclasts, 
and who can sometimes even be gadflys. 
Observation 1 
How Bob transformed from a classically trained physicist to an interdisciplinary thinker at the intersection of 
energy, environment, economics and technological forecasting. 
Bob's first journal publication was in 1956, at age 24, and the title, “On the crystal structure of a rare gas,” 
reflected his focus at that time of his life on disciplinary based physics work. Over the next several years he 
published mainstream, disciplinary based physics articles and reports on the many body problem (1958, 1959), on 
distribution functions and quantum statistics (1960), and on plasma acceleration and containment (1961). 
Then Bob started to work with Herman Kahn at the Hudson Institute in 1962, and Bob's professional trajectory 
changed. Prior to Kahn and Ayres working together, Kahn had been employed by the Rand Corporation in the US 
from the mid-1940s through 1960. When he started at Rand, Kahn initially worked with teams of prominent 
physicists at the Lawrence Livermore National Lab who were developing the Hydrogen Bomb, the 2nd generation 
of atomic weapons based on thermonuclear fusion that was orders of magnitude more powerful than the 1st 
generation atomic bombs used by the US on Japan in World War II. 
After the successful test of the first thermonuclear (hydrogen) bomb towards the end of 1952, Kahn's work at 
Rand for the remainder of the 1950s moved into simulation, systems theory, game theory, war gaming, and 
scenario planning. He applied systems theory, game theory and scenario planning to military strategy, as Rand 
was deeply involved with advising the US Military. Given his familiarity with the newest nuclear weapons 
developments at that time, he applied these new efforts to envisioning scenarios related to nuclear war between 
the United States and the Soviet Union. These efforts on nuclear war impact analysis and scenario planning 
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resulted in two very important publications: the Rand Corporation report on “The Nature and Feasibility of War 
and Deterrence,” released in 1960, and the book, “On Thermonuclear War” published by Princeton University 
Press in 1960. Kahn further elaborated on impact analysis, scenario planning and policy alternatives related to 
nuclear war in his follow on book, “Thinking the Unthinkable” published by Horizon Press in 1962. 
Kahn left the Rand Corporation, and co-founded the Hudson Institute in 1961 at a picturesque location on the 
Hudson River about 1 hour north of New York City. Kahn said that the purpose of the Hudson Institute was to 
think about the future in unconventional ways. Ayres joined Kahn at the Hudson Institute in 1962, as Kahn was 
looking for someone with a deep understanding of energy and physics who would be willing to take on the 
unconventional task of carrying forward and expanding upon his recently published efforts on systematically and 
rigorously thinking through future scenarios related to the impacts of nuclear war. Kahn found the right person in 
Bob Ayres. From 1963 through 1966, while at the Hudson Institute, Bob published a series of reports with the 
following titles: 
 Environmental Effects of Nuclear War (Volume 1, Volume 2) 
 Models of Post-Attack Economy 
 Our Damage Assessment Models 
 Special Aspects of Environment Resulting From Various Kinds of Nuclear Wars. Part 2. Annex 3. 
Application of Input-Output Analysis to a Homeostatic Ecosystem. 
As a result of working at the Hudson Institute in his early professional years, Bob the former classical physicist 
had become Bob the modeller and forecaster of ways in which energy – in the form of nuclear war and its 
aftermath – could impact the global environment and the national economy. 
Bob worked at the Hudson Institute through 1967, and then left to join Resources for the Future (RFF) in 1968. 
RFF, which was established in the US in 1952, was already known at that time as a non-profit organisation that 
was doing pioneering policy analysis work related to environmental, energy and natural resource issues and future 
scenarios. At RFF, Bob teamed up with Allen Kneese, an age contemporary (born in 1931, one year before Bob) 
who was formally trained as an economist. In later years, Kneese become widely recognized as a pioneer in 
resource and environmental economics. In fact, in 1990, Kneese and another RFF staff member John Krutilla 
were the very first co-recipient laureates of the Volvo Environmental Prize for founding resource and 
environmental economics as a research discipline, and for combining the sciences of economics and ecology by 
systematically analysing the various aspects of environmental impact within the current economic system. 
In retrospect, it is easy to see how Bob and Allen Kneese were attracted to one another. Kneese was an early 
pioneer in thinking systematically about the economic impacts of pollution, on how mainstream economics 
ignored the externalities of pollution and resource usage, and the interrelatedness of air, water and other forms of 
pollution. Thanks to the challenge posed to him by Herman Kahn and the Hudson Institute, Bob was one of the 
few people in the world, and perhaps the only person in the world, who had made serious, systematic efforts to 
model and assess the impacts of large scale nuclear energy release (the ultimate form of pollution) on the global 
environment, and to consider the interactions between this type of extreme environmental shock and the national 
economy. 
The Ayres and Kneese partnership produced a series of pioneering works in environmental and resource 
economics including Pollution and Environmental Quality (1968 book chapter), Environmental Pollution (1968 
US Government Report Chapter), Production, Consumption and Externalities (1969, American Economic Review 
journal article), Economics and the Environment: A Materials Balance Approach (1970 book with a third co-
author Ralph D'Arge), and Economics & Ecological Effects of a Stationary Economy (1971, Annual Review of 
Ecology & Systematics journal article). Bob only stayed at RFF for about one year, but he continued his 
collaboration and co-authoring relationship with Allen Kneese. Later on, the two of them published The 
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Sustainable Economy (1976, book chapter), and Externalities, Economics and Thermodynamics (1989, book 
chapter). 
Bob's work at both the Hudson Institute and RFF required technology forecasting and long range scenario 
planning. As such, he become a student of these topics, and worked on pulling together a compendium of related 
methods. This resulted in his 1969 book titled Technological Forecasting and Long Range Planning. In 1970, Bob 
was 38 years old. By this time, one could see how the building blocks were put in place for his remarkably prolific 
career that was to follow over the next 48 years of his professional life till the present time. 
The foundational academic training as a mathematical physicist gave Bob the feel for using math and models to 
think through and examine the behaviour of complex physical phenomenon. It also gave him good intuition about 
energy as a substance, and about principles of energy usage. Through the working relationship with Herman 
Kahn's Hudson Institute between 1962 and 1967, Bob learned how to think about and analyse issues at the 
intersection of energy and the environment, and to do this at a very large and global scale, as he was dealing with 
very high levels of energy (thermonuclear bomb levels of energy and radiation) and globally dispersed 
environmental impacts. The Hudson Institute experience also introduced him to analysing how environmental 
impacts would translate into economic impacts. Through the working relationship with Allen Kneese and RFF 
that started in the 1968–71 period and carried forward into future years, Bob was able to learn more about formal 
economic analysis, and how mainstream economics at that time treated (or rather neglected to treat) 
environmental degradation, resource depletion and related externalities. 
Over the course of his long and productive professional career, Bob has brought together two types of analysis in 
unusual and creative, yet rigorous and systematic ways: 
 Analysis that deeply integrates considerations of energy, environmental impacts and economic impacts. 
 Analysis that incorporates novel approaches to technological forecasting, and often combines that with his 
integrative work on energy, environment and economics. 
The description above explains how a person with a strong fundamental education as a physicist ended up as a 
pioneering thinker and thought leader at the intersection of energy, environment and economics. 
Observation 2 
Working with Bob as one of his very first PhD students. 
I started working with Bob on a regular basis in January 1979 as soon as he started his appointment as a tenured 
Full Professor at Carnegie Mellon University in the Department of Engineering & Public Policy (EP&P). I was a 
23 year old first year graduate student in this Engineering & Public Policy department within CMU's Engineering 
College. He was 24 years my senior, and by that time, already well known for his two decades of publishing 
related to energy, environment and economics, and also for his writings on technological forecasting. 
Despite the age and experience difference, we had a few things in common. We were both new to Pittsburgh and 
Carnegie Mellon. We were both learning about our new roles, though in different ways. Bob had never been an 
Assistant Professor or Associate Professor. As summarized above, after his PhD work in Physics, and some 
follow on post-doc work in Physics, he spent almost all of the 1960s and 70s in think-tanks of one sort of another. 
The not-for-profit Hudson Institute and RFF, and the few for-profit think-tank-like consulting firms where he 
worked afterwards enabled him to fully concentrate on his analysis, project reports, book publishing and academic 
journal publishing without the distractions of teaching and without the endless governance-related committee 
meetings and service work commitments that are part of the faculty member's role at a university. While he had 
this nearly 20 year professional period from 1962 through 1978 where he could focus on his professional outputs, 
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he never had prior mentorship or guidance in how to be a Full Professor in a university setting, especially in an 
integrated technology and policy setting that was quite different from the area of physics where he did his 
graduate and post-doc work. My adjustment was simpler. I had just finished a Bachelors of Engineering in 
Systems Science & Engineering at the University of Pennsylvania, and was a new graduate student in this EP&P 
department. Bob and I took to one another, both intellectually in terms of a faculty member — PhD student 
advising relationship, and socially because we had nearly opposite types of personalities and degrees of social 
engagement skills, which meant we had a high degree of complementarity as a team. 
In 1979, Bob suggested we focus on the flexibility-efficiency trade-off in manufacturing. Mass production lines, 
such as those used to produce automobile engines, were highly automated and economically very efficient. They 
could produce a large number of units at the lowest possible cost per unit (given the technology of the day), but 
they were inflexible. It was exorbitantly expensive to change an engine production line for a new model of engine. 
Productivity was optimized, but flexibility was nearly eliminated. Job shops were just the opposite. They could 
make nearly anything. They were the epitome of flexibility. Because they only catered to small batch production 
or single unit production, their cost per unit was orders of magnitude higher than the cost of the same thing made 
on a highly automated production line. One could have a high degree of production flexibility at very high cost, or 
very low cost with essentially no flexibility. Bob's idea was to explore how to better understand and measure 
manufacturing flexibility as a starting point for figuring out how to use new technology – which at that time 
meant computer controlled machine tools, computer controlled robots, and computer-integrated manufacturing – 
to relax or possibly even eliminate the constraints of the flexibility-efficiency trade-off. 
I suspect Bob was interested in new paradigms for material conversion efficiency, especially for discrete product 
manufacturing, stemming from his prior work in energy, environment and economics. What he wanted to explore 
was what would happen if we could have a factory that combined the efficiency and low per-unit cost of a mass 
production line with the flexibility and wide-product variety capability of a job shop. We focused on 
understanding the flexibility-efficiency trade-off in those manufacturing industries included in SIC codes 33 
through 38: Primary Metals, Fabricated Metal Products, Industrial Machinery & Equipment, Electronic & Other 
Electric Equipment, Transportation Equipment, and Instruments & Related Products. We investigated how the 
new generation of computer-controlled “flexible” automation systems was changing the nature and possibilities of 
factory floor production. This joint effort lead to our co-authored book, Robotics Applications & Social 
Implications (1983, Ballinger Press), which was the first integrated impact assessment of the then-emerging new 
generation of computer controlled factory automation tools on the organisation of the factory floor, on the 
economics of industries, and on society at large. It also led to my PhD thesis, Potential Impact of Robotics on 
Manufacturing Costs Within Metalworking Industries (1983, CMU Engineering & Public Policy Department), 
and to the follow on book, Impacts of Industrial Robots (1989, University of Wisconsin Press), where I elaborated 
on and refined my PhD thesis work. 
In the five years that I worked intensively with Bob, I had the opportunity to observe how his mind situated itself 
at the unexplored area that lies between emerging technological capabilities and impending societal implications. 
Bob had a knack and a gift for conceptualizing about and visualizing (via clever tables and graphs) societal 
impacts of new technology. These are skills he initially developed while at the Hudson Institute and RFF, and 
later on when he worked as a technology assessment and forecasting consultant. 
Bob was at his very best in two types of settings. The first setting was in a small group discussion, with a white-
board, where a two or several people were trying to sketch out an idea, and figure out how to analyse it. Bob was 
always marvellous in such sessions, as he had such a remarkable combination of depth and breadth of knowledge 
to draw upon, based on his prior work, and based on the fact that he has always been an avid reader. The second 
setting was when he was writing. He loved to write, and to edit, and he has always been very disciplined about the 
work process of writing. He laboured over word choice and imagery as a poet would, except Bob would apply this 
effort to technology forecasting and assessment work, and to the other types of problems related to energy 
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environment and economics that he has been working on over all these years. And Bob would always get the 
writing done in order to meet the necessary deadlines. 
As a graduate student, it was a joy to work intensively with Bob and to learn from him in an apprenticeship 
manner in a similar spirit to how he had apprenticed with and learned from great minds such as Herman Kahn and 
others at the Hudson Institute and Allen Kneese at RFF. 
Observation 3 
Why it is good for the world to have at least a few Bob Ayres-like people. 
Bob has been an unusual as well as an ironic academic in a number of ways. As mentioned above, his first 
appointment as a faculty member occurred when he was 47, when he joined CMU EP&P as a Full Professor in 
1979. It is unusual to start one's academic career, especially with a tenured position, as a Full Professor. 
There were a few ironic parts of Bob's academic career. If ever there were a person who was well suited to be 
housed in a university, it is Bob. He has been a serious and highly productive scholar in that he is always reading 
the work of others and writing up and publishing his own work. His most effective and persuasive means of 
communicating is through his written work. For most of his life (perhaps except for his most recent, later years) 
he was never fully comfortable with public speaking and mass-media like communication formats. While he lives 
in the present, his mind has always been preoccupied with ways of anticipating and analysing emerging and 
forthcoming societal change resulting from technology change, environmental change, energy change, or some 
combination of these factors. He can be as absent-minded about some things pertaining to everyday life as 
Hollywood's best stereotype of an absent-minded professor could be portrayed. He has been a history buff for 
decades, and reads voraciously about history. He even wrote a book on the history of Shakespeare's manuscripts, 
arguing that what society knows and accepts as the writings of William Shakespeare are actually the writings of 
one of his contemporaries, Christopher Marlowe. 
While Bob is so well suited to be an inhabitant of a university community in so many ways, the irony is that Bob 
does not actually like many aspects of academic culture, nor does he embrace or understand the sociology of how 
academic communities function and operate. Since 1962, when he moved out of disciplinary-based, mainstream 
physics, Bob has always thought in terms of the types of big, integrated issues that he has been working on all 
these years at the intersection of energy, environment, economics, and technological forecasting and impact 
assessment. Bob's great strength is that he has always had the mental depth and capacity, technical ability, and 
imagination to pull all of this together, and the disciplined approach to writing and output creation necessary to 
produce his voluminous body of work. The other side of it is that Bob's “discipline”, academically speaking, is in 
fact his entire body of work, including everything it spans. But the rest of the academic world is more comfortable 
with the prevalent definitions of academic areas and boundaries, and academic approaches related to those 
disciplines. Bob just does not easily fit into these nicely defined boxes associated with any of the single academic 
communities that are related to his work. So while Bob has been an academic since 1979, and an emeritus 
academic since 2001, he has never found an easy way to fit within the structure of the established academic 
disciplinary communities. 
Another irony of Bob's academic career is that he ended up in a business school from 1992 through 2000 when he 
served as a Full Professor with a Chair at INSEAD. While INSEAD is indeed an excellent research environment 
and out outstanding and highly globalised business school, when one thinks of business school professors and all 
that goes along with that (MBA teaching, executive education teaching, publishing in FT Top 50 Journals, and the 
like), the last person one would think of in this type of environment is Bob Ayres. 
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Yet, even with these ironic aspects of Bob's relationship to professional appointments and academic settings, he 
has had a remarkably productive career as a publishing scholar since he first became a professor in 1979. And that 
was on top of nearly 20 years of prior work that was sufficiently well regarded to earn Bob the ability to transition 
from working in think-tanks to being a Full Professor at CMU. 
Bob can be cantankerous. Intellectually and academically speaking, Bob can be a contrarian, an iconoclast and 
even a gadfly. However, as a result of his unusual trajectory of education and professional training explained in 
the first part of his article, and his long and highly productive career as a scholar, author and academic publisher, 
he has come to know more about the interrelationships of energy, thermodynamics, environment and economics 
than perhaps any other person – publishing scholar or otherwise – living today. Bob's thinking may be 
unconventional. He may not socialize his ideas in the necessary ways to gain wider acceptance in some of the 
related mainstream disciplinary communities. His ideas and his work may fall outside the boundaries of today's 
mainstream disciplinary communities, or even be rejected by them. But the thing is…Bob may well be right, and 
have the last laugh. I predict that 100 years from now and beyond, when civilisation knows far more about the 
interrelationships between energy, thermodynamics, environment and economics than is known today, the work 
of Robert Underwood Ayres will be far more well-known and widely cited than it is today. His ideas at the fringe 
will become the ideas of the central mainstream, eventually. Just in case this happens (and I think it will), be sure 
to tell your children and your grandchildren that you knew this fellow Bob Ayres, and he was quiet the mind, and 
quite the character. The world is better off because of his ideas and ways of thinking, and that will become even 
more the case with the passage of time. 
 
